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ABSTRACT: Hot stamping is an innovative forming process for the production of vehicle body parts 
with complicated geometries and high strength. In this process, hot sheet metal is formed within a die and 
cooled down at the same time. The cooling rates are critical to the final microstructure and thus the final 
mechanical properties of the part in service (strength, ductility, energy absorption ability). Therefore, an 
accurate model that can predict the thermo-mechanical-metallurgical characteristics of the process is increas-
ingly important. In this paper, a thermo-mechanical finite element model of hot stamping is created and a 
modified phase transformation model based on Scheil’s additive principle has been applied. The comparison 
between the modeling and experiment shows that the modified phase transformation model coupled with the 
incubation time provides higher accuracy on the simulation of transformation kinetics history. In the stamp-
ing process, the effect of different die materials and increasing the die temperature to reduce the sheet cool-
ing rate is analyzed in this paper. This work demonstrates the application of the combined thermo-
mechanical-metallurgical model in hot stamping.  Additionally, the results provide insights into the use of 
locally differentiated cooling rates, either via local die material changes or selective heating, to produce 
tailored mechanical properties in hot stamped components.   
  
KEYWORDS: Hot stamping, Numerical modeling, Phase transformation 
  
 
1 INTRODUCTION 
In hot stamping of boron steels, sheet metal is 
heated in a furnace from room temperature with 
ferrite-pearlite microstructure up to approximately 
930°C where full austenitization occurs [1]. Then, 
the forming process is done in a water-cooled die 
and must be finished in temperatures higher than 
the Martensite start (Ms) temperature. The next 
operation is to cool down the formed component in 
the die with rates higher than approximately 27°C/s 
to allow full martensite evolution in the microstruc-
ture. Phase transformation from austenite to full 
martensite increases tensile strength from 600 MPa 
up to 1500 MPa in the final product. On the other 
hand, the material properties at the high forming 
temperatures increase formability and reduce press 
forces, tool wear and springback. 
The high tensile strengths achievable by hot stamp- 
ing increase part integrity during crashes and this is 
beneficial, especially where the intrusion is not 
allowed due to the requirement to protect the occu-
pant compartment. On the other hand, there is a 
need to profit from high ductility in crumple zones 
to absorb crash energy by consuming it in plastic 
work. The simultaneous need for both high 
strength and high ductility in some vehicle parts 
(e.g. B-Pillar) has encouraged engineers to find 
design solutions such as vehicle parts with tailored 
mechanical properties (Fig. 1). Different solutions 
have been investigated, but the most developed 
solution in hot stamped components is to locally 
differentiate the cooling rate in the die. Using this 
method, the cooling rate in the blank material is 
slowed down to lower than 27°C/s in the zone 
where high ductility is desired. This results in the 
evolution of daughter phases: ferrite, bainite and 
pearlite. There are two main solutions to achieve 
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different cooling rates in a single die. The first 
method is to heat the die partially to reduce the 
cooling rate and to cool the remaining sections of 
the die to increase cooling rate. The second method 
is to use different tool material with different heat 
conduction coefficients [2]. 
In this study, a thermo-mechanical-metallurgical 
finite element model of hot stamping will be used 
to investigate the effects of tool temperature and 
material on the cooling rates and consequent mi-
crostructural phases. A modified phase transfor-
mation model has been applied to improve the 
accuracy of the prediction of phase fractions in the 
final component. 
 
 
Fig. 1 A sample B-Pillar with tailored mechanical 
properties 
 
2 NUMERICAL SIMULATION 
2.1 GENERAL ASPECTS 
Hot stamping is a thermo-mechanical-metallurgical 
process. The forming and quenching processes of a 
simple hat-shaped component have been simulta-
neously modelled in FEM software ABAQUS 
Standard V6.12 (Fig. 2). The transfer process from 
the furnace to the die is ignored in the model. 
However, it is assumed that the temperature of the 
blank has been reduced from 930°C to 800°C due to 
cooling during the transfer process. A modified 
phase transformation model based on Scheil’s ad-
ditive principle has been applied to the thermo-
mechanical model using an ABAQUS Subroutine 
to predict resultant steel phases in the final product. 
The punch, die and blank holder have been consid-
ered as deformable bodies that enables the study of 
heat transfer through them.  
Symmetry boundary conditions have been applied 
to the blank and tool which allows just one quarter 
of the geometry to be modelled. The blank and 
blank-holder were modelled with 8-node brick 
elements, while tetrahedral elements are used to 
mesh the punch and the die. Further to the forming 
and quenching steps, extra steps were defined to 
establish contact between the tooling and blank 
prior to the main forming process and also to apply 
boundary conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 A hat-shaped sample in FEM model 
 
2.2 MATERIAL MODEL 
Boron steel sheet (22MnB5) has been modelled 
with temperature dependant thermo-mechanical 
properties. Due to the wide range of working tem-
perature in hot stamping, ignoring these dependen-
cies will significantly reduce the precision of the 
results. Fig. 3 shows the stress-strain curves for 
boron steel 22MnB5 used in this study [3]. The 
flow curves at different temperatures at a strain rate 
0.1s-1 were applied. The dependency of material 
flow data to strain rate is ignored in this study.  
The properties of the blank, including Young’s 
modulus (E), Poisson’s ratio (ϑ), thermal conduc-
tivity (k) and specific heat capacity (C�) were de-
fined to include temperature dependency, and are 
shown in Table 1. The inelastic heat fraction pa-
rameter, which defines the heating associated with 
plastic work of the blank material, was set to the 
default value of 0.9. Also, the frictional heating has 
been considered in this model. 
Four different tool materials have been considered 
in this study; AISI h11, Alumina, Macor® and Zir-
conia. Table 2 shows thermo-mechanical properties 
of these materials. Different properties of these 
materials will result in different cooling rates and 
microstructural phases. Due to the significantly 
smaller range of temperature occurring in tool, 
temperature independent properties have been 
used.  
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Fig. 3 Stress-Strain curves for boron steel 
22MnB5 for different temperatures in strain 
rate 0.1 s-1 [3] 
 
Table 1: Thermomechanical properties as a func-
tion of temperature for boron steel  22MnB5 [5]  
Temperature 
(°C) 
E 
(GPa) ݒ 
K  
(W/m°C) 
ܥ௣ 
(J/kg°C) 
20 212 0.284 30.7 444 
100 207 0.286 31.1 487 
200 199 0.289 30.0 520 
300 193 0.293 27.5 544 
400 166 0.298 21.7 561 
500 158 0.303  573 
600 150 0.310 23.6 581 
700 142 0.317  586 
800 134 0.325 25.6 590 
900 126 0.334  596 
1000 118 0.343 27.6 603 
 
Table 2: Thermomechanical properties of investi-
gated tool materials used in this study [4] 
 AISI h11 Alumina Macor Zirconia 
E (Gpa) 210 360 67 210 
ሺȀሻ 526 510 790 400 
ሺȀሻ 42.2 19 1.46 2.5 
ߩሺ݇݃Ȁ݉ଷሻ 7750 3850 2520 6040 
 
2.3 CONTACT MODEL 
Thermo-mechanical contact behaviour between the 
blank and tools surfaces have been considered in 
this model. The mechanical contact has been de-
fined using Penalty friction formulation, with the 
friction coefficient as a function of temperature [6].  
The thermal contact behaviour has been taken into 
account by defining contact heat transfer coeffi-
cient. It has been shown that this coefficient is in a 
direct relation with contact pressure [4]. The de-
pendency of contact heat conductance to contact 
pressure has been shown in Table 3 for all tool 
materials investigated in this study. The punch-
blank and die-blank contacts were defined using 
the “Node to Surface” discretization method. 
 
2.4 TOOL TEMPERATURE 
In conventional hot stamping processes, the tools 
are water-cooled to achieve fast blank cooling rates 
and therefore a 100% martensite volume fraction in 
the final part. There are a number of solutions to 
prevent full martensite transformation. The most 
common approach to produce hot stamped parts 
with tailored mechanical properties is to alter the 
cooling rates in a single die.  
 
Table 3: Contact Heat Conductance (nominal 
measures) in different contact pressures [4] 
Contact Pressure Contact Heat Conductance ሺܹȀ݉ଶ݌݁ݎ ܭሻAISI h11 Alumina Macor Zirconia 
5 MPa 3175 778 240 497 
10 MPa 3300 1183 268 651 
20 MPa 3975 1475 260 724 
30 MPa 4150 1225 280 711 
40 MPa 4025 1700 280 676 
 
Several researchers have considered the effects of 
tool temperatures on the cooling rates. To achieve 
the high fractions of martensite, tool materials with 
higher conductivity are selected to accelerate the 
cooling. In the case of using the same tool material 
to slow down the cooling in the interest of achiev-
ing higher ductility, higher tool temperatures are 
needed in comparison with using tool materials 
with lower conductivity. It implies that using alter-
natives tool materials with lower conductivities and 
heat contact conductance reduces the amount of 
energy needed for tool heating. To simulate these 
scenarios, four different tool materials with varying 
heat transfer coefficients were studied (as de-
scribed in Section 2.2). In addition, for each of the 
tool grades, six different tool temperatures were 
simulated (25, 100, 200, 300, 400, 500°C) to inves-
tigate the resultant microstructural phases. As the 
tool temperature increases in a single process cycle 
even in a water-cooled tool, tool temperatures have 
been defined as initial conditions rather than 
boundary conditions in this study.  
 
2.5 PHASE TRANSFORMATION MODEL 
The model of predicting the austenite decomposi-
tion at arbitrary cooling paths for 22MnB5 steel is 
based on time-temperature-transformation (TTT) 
curve and Scheil’s additive principle. Using ther-
mal dilation curve in each holding temperature and 
the metallographic microstructure analysis, the 
TTT diagram for the 22MnB5 can be obtained, as 
is shown in Fig.4. The A, F, P, B and M denote 
austenite, ferrite, pearlite, bainite, and martensite, 
respectively. 
Kinetics [7, 8, 9, and 10] of the diffusional trans-
formation for the isothermal condition can be ex-
pressed as the Kinetics [7, 8, 9, and 10] of the dif-
fusional transformation for the isothermal condi-
tion can be expressed as the form of JMAK equa-
tion: 
 
1 exp( )nb t   F                  (1) 
 
If the incubation time of nucleation is considered, 
the modified form by Hawbolt [11]  is  expressed as 
0
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follows:  
 
1 exp[ ( ) ]nsb t t   F                 (3) 
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Fig. 4 The TTT diagram for the 22MnB5  
 
where F indicates the volume fraction of the phase 
during the phase transformation, ts means incuba-
tion time of the phase change. Here, b and n are 
material parameters directly obtained from the TTT 
diagram.  
Scheil’s additive rule is adopted to describe the 
non-isothermal transformation behavior [12]. By 
this rule, the cooling curve was subdivided into a 
number of small time steps it . Then, /i it   is 
calculated and summed for each time and trans-
formation is assumed to begin when the following 
equation is fulfilled.  
 
1
m
i
i i
t



                                
(3) 
 
where τi is the transformation beginning time at 
the ith time step. 
For the case of the diffusionless transformation, the 
volume fraction of the martensite is calculated 
using the empirical model established from exper-
iments by Koistinen and Marburger. The amount of 
the martensite can be totally expressed as a func-
tion of the temperature as follow:  
 
{1 exp[ 0.011( )]}m sM T   F          (3) 
 
where Fm is volume fractions of the martensite. Ms 
and T are the temperature at which martensite 
transformation begins and current temperature, 
respectively. The incubation time has the great 
influence on the transformation kinetics calcula-
tion. It is difficult to measure this value from the 
dilation curves. So a concise model of incubation 
time is deduced based on the solution of nonlinear 
of incubation time on the calculated austenite de-
composition kinetics at 600°C. It can be found that 
both models can predict exactly the transformation 
JMAK equations system. Fig. 5 shows the effect 
finishing time. However, the model coupled with 
the incubation time has the better accuracy on the 
simulation of transformation kinetics history. 
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Fig. 5 The effect of incubation time on the calcu-
lation of transformation kinetics 
 
3 RESULTS AND DISCUSSION 
Fig. 6a shows the cooling curves of boron steel 
sheets where they are cooled down in a tool made 
of AISI h11 and kept at different temperatures 
between 25°C and 500°C. The forming process 
which takes 2 seconds is also included in these 
cooling curves. The curves belong to a point locat-
ed in the lower surface of the hat-shaped part. 
However, the temperature history is identical for 
all points located in this surface. Tool material 
AISI h11 with its high conductance leads to very 
fast cooling rates even by heating it up to high 
temperatures. As the punch and die clamp the 
blank, the heat transfer starts rapidly but it slows 
down as temperature difference between sheet 
metal and tool becomes smaller. When the tool was 
heated to 500°C, the minimum cooling rate of 
95.4°C/s was achieved. This cooling rate is higher 
than the critical value 27°C/s and should not nor-
mally result phases rather than martensite, but 
keeping the tool closed for a longer time (approxi-
mately 50 seconds) may avoid entering the marten-
site transformation zone in the CCT diagram and 
will lead to a bainite transformation in this case. 
Fig. 6b to Fig. 6d show the cooling curves 
achieved for other tool materials including Alumi-
na, Macor and Zirconia respectively. When Alumi-
na was used as the tool material, cooling rates from 
21°C/s to 156°C/s were achieved. For Macor, the 
achievable range of cooling rate is from 5°C/s to 
29°C/s. This indicates that a significantly lower 
tool temperature is needed to reduce the cooling 
rates below the critical rate when Macor used as 
the tool material. This will reduce the amount of 
input energy needed to continuously heat the tool. 
However, a larger range of cooling rates could be 
achieved by using Zirconia. Simulations report the 
range of 14 to 57°C/s when Zirconia used. 
These thermo-mechanical simulations were ac-
companied with a user subroutine that included a 
modified phase transformation model (as described 
in Section 2.4), to predict the microstructural phas-
es at the end of quenching process. When the tool 
temperature is higher than 200°C, the part tempera-
ture may not reach the martensite finish temperatu- 
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Fig. 6 Cooling rates of 22MnB5 sheet in (a) AISI 
h11, (b) Alumina, (c) Macor and (d) Zirco-
nia tool for different tool temperatures 
re (210°C) at the end of the quenching process. 
Therefore, all the austenitized microstructure will 
not transform to other phases. The non-transformed 
fraction of austenite is called retained austenite. A 
further cooling (e.g. air cooling) may be necessary 
to cool down the part to the room temperature and 
complete the transformation. 
Fig. 7a shows the resulting martensite fraction for 
different tool materials and also different tempera-
tures. The phase fractions have been reported for 
the same point of the part that the cooling curves 
were reported. For all tool materials, almost all 
austenite transforms to martensite when the tool 
temperature is 25°C. As the tool temperature in-
creases, the martensite fraction decreases accord-
ingly. As shown in Fig. 7b, for some specific tool 
materials and cooling rates, the decrease in marten-
site fractions is counterbalanced by increased frac-
tions of retained austenite. Moreover, when the tool 
temperature is 500°C, the fractions of retained aus-
tenite are less than 3% for all tool materials. This 
occurs because the cooling rate is the slowest in 
this situation and thus, the austenite phase has al-
ready transformed to other phases including bain-
ite, ferrite and pearlite in the higher temperatures.  
Fig. 7c shows the bainite fractions. The bainite 
transformation does not occur in AISI h11 tool 
unless in the tool temperature is higher than 400°C. 
For the Alumina and Zirconia cases, the tool tem-
perature required for bainite transformation is 
above 300°C and is less than that for the AISI h11 
case. The lowest tool temperature that causes a 
bainite transformation is approximately 200°C for 
the Macor tool material case. However, the bainite 
fraction is just 6% in this situation and can be in-
creased to 35% by increasing the tool temperature 
up to 300°C. 
Fig. 7d shows the accumulated fractions of ferrite 
and pearlite. These phases require lower cooling 
rates to appear in comparison with bainite and 
martensite. As shown, the only situation that will 
lead to significant fractions of these phases is using 
Macor tool with high temperature of 500°C. In this 
situation 18.2% ferrite and 33.3% pearlite trans-
forms.  
 
4 CONCLUSSION 
A thermo-mechanical-metallurgical model of hot 
stamping of boron steel 22MnB5 was created in 
this study to investigate the effects of tool materials 
and tool temperatures on consequent microstruc-
tural phases of the final product. In this study, most 
thermo-mechanical parameters were defined in 
dependency to temperature and would result tem-
perature history with higher accuracy. Moreover, a 
modified phase transformation model based on 
Scheil’s additive principle has been applied to ac-
curately predict the microstructural phases. 
Four different tool materials including AISI h11, 
Alumina, Macor and Zirconia and a range of 25-
500°C for tool temperature have been considered in 
this new study. Cooling curves related to the 
quenching process have been achieved and com-
pared together in these situations. The cooling rates 
in AISI h11 tool were so rapid that the bainite 
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Fig. 6 Cooling rates of 22MnB5 sheet in (a) AISI 
h11, (b) Alumina, (c) Macor and (d) Zirco-
nia tool for different tool temperatures 
re (210°C) at the end of the quenching process. 
Therefore, all the austenitized microstructure will 
not transform to other phases. The non-transformed 
fraction of austenite is called retained austenite. A 
further cooling (e.g. air cooling) may be necessary 
to cool down the part to the room temperature and 
complete the transformation. 
Fig. 7a shows the resulting martensite fraction for 
different tool materials and also different tempera-
tures. The phase fractions have been reported for 
the same point of the part that the cooling curves 
were reported. For all tool materials, almost all 
austenite transforms to martensite when the tool 
temperature is 25°C. As the tool temperature in-
creases, the martensite fraction decreases accord-
ingly. As shown in Fig. 7b, for some specific tool 
materials and cooling rates, the decrease in marten-
site fractions is counterbalanced by increased frac-
tions of retained austenite. Moreover, when the tool 
temperature is 500°C, the fractions of retained aus-
tenite are less than 3% for all tool materials. This 
occurs because the cooling rate is the slowest in 
this situation and thus, the austenite phase has al-
ready transformed to other phases including bain-
ite, ferrite and pearlite in the higher temperatures.  
Fig. 7c shows the bainite fractions. The bainite 
transformation does not occur in AISI h11 tool 
unless in the tool temperature is higher than 400°C. 
For the Alumina and Zirconia cases, the tool tem-
perature required for bainite transformation is 
above 300°C and is less than that for the AISI h11 
case. The lowest tool temperature that causes a 
bainite transformation is approximately 200°C for 
the Macor tool material case. However, the bainite 
fraction is just 6% in this situation and can be in-
creased to 35% by increasing the tool temperature 
up to 300°C. 
Fig. 7d shows the accumulated fractions of ferrite 
and pearlite. These phases require lower cooling 
rates to appear in comparison with bainite and 
martensite. As shown, the only situation that will 
lead to significant fractions of these phases is using 
Macor tool with high temperature of 500°C. In this 
situation 18.2% ferrite and 33.3% pearlite trans-
forms.  
 
4 CONCLUSSION 
A thermo-mechanical-metallurgical model of hot 
stamping of boron steel 22MnB5 was created in 
this study to investigate the effects of tool materials 
and tool temperatures on consequent microstruc-
tural phases of the final product. In this study, most 
thermo-mechanical parameters were defined in 
dependency to temperature and would result tem-
perature history with higher accuracy. Moreover, a 
modified phase transformation model based on 
Scheil’s additive principle has been applied to ac-
curately predict the microstructural phases. 
Four different tool materials including AISI h11, 
Alumina, Macor and Zirconia and a range of 25-
500°C for tool temperature have been considered in 
this new study. Cooling curves related to the 
quenching process have been achieved and com-
pared together in these situations. The cooling rates 
in AISI h11 tool were so rapid that the bainite 
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phase could not appear unless tool temperatures 
were increased to 500°C. 
 
 
 
 
 
Fig. 7 Resultant microstructural phases for differ-
ent tool materials and temperatures 
 
When using Macor, bainite transformation can 
occur in lower tool temperature even in 200°C. 
Moreover, the only configuration that led to signif-
icant ferrite and pearlite transformation was using 
tool made of Macor and heated up to 500°C. This 
shows that Macor has a strong potential to be uti-
lized in tool design to produce hot stamped parts 
with tailored mechanical properties. It will result 
softer phases in the final product and therefore 
increases ductility and energy absorption.  
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